Intelligent Vehicle (IV) is expected to revolutionize the way vehicles operating in the next few decades. The most commonly used method to test the functionality of the IV is to use the IV testbed for operable and economic reasons. However, the traditional testbed only has the ability to test the longitudinal movement and is not capable of studying the lateral movement of the IV, which extremely restricts the developments of the IV testing technologies (e.g., IV lane-keeping and lane-changing testing). To this end, this paper presents a novel steering-following system (SFS) for the intelligent vehicle-in-the-loop (VIL) testbed. The SFS is able to obtain the real-time steering angle differences between the front wheels and the drum roller by two-pair laser distance sensors equipped on the testbed. Then the value and changing rate of the obtained real-time steering angle difference are set as the inputs of a fuzzy sliding mode control (FSMC) algorithm. The outputs of the FSMC algorithm are used to control the operation of the servo motors. With that, the testbed accurately tracks the steering maneuver of the IV at any time. A simulation-based experiment and a VIL-based experiment show that the designed SFS with the FSMC algorithm is able to provide accurate and stable tracking results for the IV steering maneuvers under different scenarios.
I. INTRODUCTION
In the next few decades, road transport will undergo a significant revolution with the advent of the intelligent vehicle (IV), such as the connected vehicle, autonomous vehicle, and connected & autonomous vehicle [1] , which will dramatically change the way we travel. To guarantee IV operates safe, reliable, and efficient under different scenarios, a large number of testing must be conducted before the implementations. The IV testing are majorly classified into four categories, e.g., simulation-based [2] , Hardware-in-the-loop-simulation (HILS)-based [3] , [4] , real-world-based, and vehicle-in-theloop (VIL)-based testing. The comparisons among the four testing are shown in Table 1 . The simulation-based and HILS-based testing both concentrate on examining the functionality of the partial functions (e.g., car-following function, lane-change function, etc.) of the IV. The initial investment
The associate editor coordinating the review of this manuscript and approving it for publication was Daxin Tian . and testing duration time of the simulation-based testing are respective the least and the shortest, and those of the HILS-based testing are both mid compared with other testing. The real-world-based and VIL-based testing both aim to demonstrate the safety, reliability, and functionality of the entire IV system. However, the real-word-based testing requires the largest initial investment and the longest testing duration time in the four testing. The VIL-based testing is able to be processed with the mid initial investment and the mid testing duration time compared with other testing. To this end, VIL-based testing is expected to be the major testing method for future IV testing and thus deserves the continues attention of the researchers [5] .
As far as we know, only a few VIL-based testbed studies in the literature. Galko et al. [6] introduce a VIL-based chassis-dynamometer testbed named SERBER to test and evaluate the functionality of advanced driver assistance systems (ADAS) of an IV. The results indicate that SERBER is served as a testbed enabling early testing of newly designed ADAS with different scenarios. The similar with Galko et al., Gietelink et al. [5] , [7] study the ADAS with a full-scale ADAS-equipped vehicle and a VIL-based chassis-dynamometer testbed. The difference is that Gietelink et al. use robot vehicles to represent other traffic rather than use the traffic simulation data, which improves the significance of the results. Gelbal et al. [8] use a VIL-based simulator to study the connected and autonomous vehicle driving functions, e.g., lane-keeping function and cooperative adaptive cruise control. Although the significant results are obtained on the simulator, the effectiveness of the proposed functions on the real IV still is lack of considerations. The most recent research related to VIL-based testing is Horváth et al. [9] . They define the conditions related to the implementations of the VIL-based testbed testing from the perspective of traffic simulation and traffic control.
Note that a certain number of testing works conducted by the VIL-based testbed illustrate the potential of the VIL-based method. While it also exposes the drawbacks of the traditional VIL-based testbed. That is, all the traditional testbeds mentioned above only have the ability to test the longitudinal movement and are unable to study the lateral movement of the IV due to the unmeasurable angles of the front wheels, which extremely restricts the development of the IV testing technologies. To this end, this paper presents a novel steering-following system (SFS) for the VIL testbed. In addition, a fuzzy sliding mode control (FSMC) algorithm is studied to track the real-time maneuvers of the front wheels. The outputs of the FSMC algorithm are used to control the operation of a servo motor and thus to control the operation of the SFS.
The rest of this paper is organized as follows. Section 2 briefly introduces the overall physical architecture of the investigated VIL-based testbed, including the designed SFS. Section 3 describes the physical architecture, servo motor mathematical model, frictional model, and control algorithm of the proposed SFS in detail. A simulationbased experiment and a testbed-based experiment are shown in Section 4 to illustrate the tracking performance of the designed SFS for the IV steering maneuvers. Section 5 concludes the whole paper and points out future research directions.
II. PHYSICAL ARCHITECTURE OF VIL-BASED TESTBED
This section introduces the overall physical architecture of the investigated VIL-based testbed. The VIL-based testbed is composed of five essential subsystems. They are testing control and evaluation subsystem, virtual environment setting subsystem, signal simulation subsystem, IV, and road condition simulation and IV state measurement subsystem, where the proposed SFS system is installed, as shown in Figure 1 .
The testing control and evaluation subsystem is the core control and management subsystem of the VIL-based testbed. The subsystem provides the interface to the users and thus enables the control and management of other subsystems. In addition, the subsystem offers the data collection, data analysis, data evaluation, and report generation functions, which allows further studies of the data obtained from other subsystems.
The virtual environment setting subsystem is used to construct the virtual testing environment of the IV by different models, including virtual vehicle dynamics model (e.g., different attributes of the virtual vehicles), road geometry model, traffic condition model (e.g., weather factors), driver model (e.g., different driving behaviors), and sensor models (e.g., GPS, Lidar, millimeter-wave radar).
The signal simulation subsystem can generate the corresponding signal data based on the sensor models in the virtual environment. For example, there is a vehicle in front of the IV in the virtual environment. The millimeter-wave radar sensor model collects the corresponding information of the virtual vehicle (e.g., relative speed, angle, distance between the IV and virtual vehicle). With this, the signal simulation subsystem generates the real millimeter waves, and the IV is able to perceive the millimeter waves and execute the appropriate motions accordingly.
The IV is the investigated target for the VIL-based testbed that is consisted of perception, decision, and execution layers. In the testing process, the perception layer obtains the sensor data from the signal simulation subsystem. The obtained sensor data from the perception layer will be transmitted to the decision layer and then are processed by the electronic control unit (ECU) of the IV. Considering the current statuses of the IV (e.g., speed, steering angle, brake pressure, etc.), the ECU transmits the optimal executable decisions to the execution layer. After that, the execution layer controls the IV to accomplish the corresponding movements (e.g., acceleration, deceleration, signal control, etc.).
The road condition simulation and IV state measurement subsystem in the traditional VIL-based testbed is used to obtain the real-time speed of the tested IV through the wheel encoders equipped on the testbed and transmit the road geometry information (e.g., slope, friction index, etc.) to the IV according to the given road geometry simulation model. To render the lateral movement capability to the IV on the traditional testbed, the presented SFS is embedded in the road simulation system. As a result, both real-time speed and steering angle of the IV are obtained by the road condition simulation and IV state measurement subsystem.
III. STEERING-FOLLOWING SYSTEM DESIGN
This section describes the detailed design of the SFS, including the physical architecture of the SFS, the angle difference measure method, the mathematical model of the servo motor, the LuGre friction model of the SFS, and the FSMC algorithm. By integrating these components, the SFS is able to follow the movements of the IV front wheels accordingly (two wheels) and measure the real-time angle of the IV front wheels.
A. PHYSICAL ARCHITECTURE OF THE SFS
The SFS is an essential part of the VIL-based testbed. Due to the IV front axis is too heavy, the SFS cannot be directly driven by the IV front wheels. To this end, the SFS is required to follow the real-time movement of the IV front wheels by measuring the real-time angle difference and driving the servo motor. The SFS is able to get the real-time angle and longitudinal speed of the IV front wheels during the steering-following process. Figure 2 shows the physical architecture of one side of the SFS. The other side has the same architecture. As shown in Figure 2 , the SFS is consists of four main modules: SFS support, servo motor and gearbox, drum roller, and laser distance sensors. The SFS support props up the SFS and the IV front axis. The servo motor and gearbox provide power source for the SFS. The drum rollers, which are connected to high-precise encoders, are used to measure the longitudinal speed of the front wheels. The laser distance sensors are applied to measure the real-time angle difference between the IV front wheel and the SFS. The control structure of the SFS is shown in Figure 3 . The goal of the SFS control system is to pursue the real-time steering angle of the IV front wheels θ d .
B. ANGLE DIFFERENCE MEASUREMENT
In such a complex system, which contains both longitudinal and steering movements, it is unable to measure the angle of the IV front wheels directly with conventional angle sensors. This paper presents a novel angle difference measurement method that can acquire real-time precise angle difference between the IV front wheels and the drum rollers based on a pair of laser distance sensors. As shown in both Figures 3 and 4 , the laser distance sensors are able to get the real-time distance to both sides of the IV front wheel, L1 and L2. As exhibited in Figure 4 , the black round rectangle represents the initial angle of the IV front wheel, and the blue one represents the IV front wheel with a bit steering. The angle difference β between the front wheel and the SFS is,
The angle difference β between the front wheel and the drum rollers will be sent to the FSMC to get the desired control value to the servo motor. Then, the servo motor is driven to follow the movements of the IV front wheels.
C. MATHEMATICAL MODEL OF THE SERVO MOTOR
In order to design a well-performance control algorithm of the SFS, it is necessary to implement modeling analysis on the actuator first. The servo motor is employed as the actuator in our designed SFS. To facilitate analysis and calculation, this study makes the following assumptions about the characteristics of the servo motor, (a) This study does not consider the effects of magnetic circuit saturation and core loss and considers that the self-inductance and mutual inductance of the three-phase winding are linear.
(b) This study assumes that the symmetric magnetic potential of each winding of the servo motor follows a sinusoidal distribution along the circumference of the air gap.
(c) This study assumes that when the motor adopts vector control with rotor pole position orientation, the stator current excitation component is zero.
(d) This study ignores the effects of temperature and frequency changes on resistance.
Based on these assumptions and the characteristics of the servo motor, we can get the mathematical model of the servo motor,
In Equation (2), u d ,u q are the armature voltage component, R is the resistance of the armature winding, i d ,i q are the armature current component, L is the equivalent armature inductance L =L d =L q , ω is the angular speed of the rotor, n p is the electrode pairs, ϕ is flux linkage ϕ =ϕ f =ϕ d , T e ,T m are the electromagnetic torque, and load torque, respectively. J is the movement of rotor and load, B is the coefficient of friction, θ is the angle between the mechanical position of the rotor and the starting point. The state function of the SFS position control is acquired by setting x 1 = θ,x 2 = ω =θ,
D. LUGRE FRICTION MODEL OF THE SFS
After getting the mathematical model of the servo motor, it is necessary to build the friction model of the SFS. The LuGre friction model [10] captures the Stribeck effect and thus can describe stick-slip motion, which is adopted in this study. The average deformation z satisfies the Equation (7).
In Equation (7),θ is the relative angular speed, δ 0 is the coefficient of the stiffness. g(θ) is always greater than zero and increases with the increase ofθ, which is used to represent the Stribeck effect (denoted in the Equation (8)).
In Equation (8), M c is the Coulomb friction moment, M s is the maximum static friction torque, ω s is the angular speed of the Stribeck.
As a result, the total friction torque M r is,
In Equation (9), δ 1 is the micro damping coefficient, δ 2 is the coefficient of viscous friction. Equations (7)-(9) are the LuGre dynamic friction model of the SFS.
E. FSMC ALGORITHM DESIGN
We are able to design the FSMC algorithm based on the mathematical model of the servo motor and the LuGre friction model of the SFS.
As shown in Figure 5 , there are two controllers in the designed FSMC algorithm, the fuzzy controller and the sliding mode controller.V = sṡ is the input of the fuzzy controller. The increment of the control gain λ is the output of the fuzzy controller, which also is the input of the sliding mode control. Thus, we can get,
The designed FSMC algorithm adopts the fuzzy control rule to adjust the increment of the control gain λ online to make the control gain adjust the value by itself. The fuzzy control rule also guarantees the FSMC algorithm converges to the sliding mode surface, and alleviate the chattering when approaching the sliding mode surface. These achievements improve the static and dynamic characteristics of the SFS.
The dynamic structure of the SFS is shown in Figure 6 . The first step of building the FSMC algorithm is to design the sliding mode surface. In this study, we define the sliding mode surface as, s =ė+ce, ∀c > 0. (11) In Equation (11), e is the angular error of the SFS, which satisfies, e =θ d −θ.
(12)
In Equation (12), θ d is the target angle. The second step is to design the control rule. In this study, both the exponential approach law and the isokinetic approach law are all employed to design the control law. The designed approach law is,
In Equations (13) and (14), sat(·) is the saturation function, γ is the ideal boundary layer thickness. As a result, the control law of the SFS is,
The final step is to analyze the stability of the slide mode controller. The Lyapunov function is, Substituting the control rule into Equation (18) produces,
In the FSMC, the control gain λ is responsible for deciding the speed of the system approaching the sliding mode surface. If the control gain λ is too small, the system will spend a long time approaching the sliding mode surface. Otherwise, if the control gain λ is too large, the system will have a fast approach to the sliding mode surface, but also causes chattering at the same time. This study adopts the fuzzy control rule to adjust the increment of the control gain λ, and thus the chattering can be mitigated.
From the Equation (19), we can know that the requirement of the sliding mode isV < 0 and we can get the following control rule, (a) IfV > 0, λ should be increased. V is set as the input and λ is set as the output, the input/output fuzzy set of the FSMC is defined in Table 2 , and the median is chosen as the judgment. The membership functions of both the input and the output variables are shown in Figure 7 and 8, respectively.
IV. EXPERIMENT
To validate the steering-following performance of the proposed SFS. Experiments, including simulations and VIL-based tests, are conducted. The values of the key parameters are listed in Table 3 , which are used in both the simulations and the VIL-based tests.
A. SIMULATION EXPERIMENT
MATLAB/Simulink platform is employed to implement the simulations. The IV front wheels are designed to steer from the center angle position, and turns to the right limit and left limit in turn. Both the target angle of the IV front wheels and the SFS executed angle are all recorded during the simulations.
The experiment results are shown in Figure 9 . The black line in Figure 9 (a) represents the target angle of the IV front wheels, and the red dashed line in Figure 9 (a) represents the executed line by the SFS. To have an intuitive view of the following error, Figure 9 (b) shows the tracking error between the target angle and the SFS executed angle.
As exhibited in Figure 9 (a), the SFS follows the movement of the IV front wheels precisely even at the sharp turning angle. The response time of the SFS is fairly small. From Figure (b) , it can be seen that the tracking error is under two degrees during the whole experiment, which guarantees that the IV front wheels can accommodate vary smooth longitudinal and steering movements.
B. VEHICLE-IN-THE-LOOP EXPERIMENT
In addition to the simulation experiments, the VIL-based experiments are implemented to test the performance of the designed SFS. As shown in Figure 10 , the IV is placed on the proposed VIL-based testbed. The IV is modified based on a 2014 BYD SURUI, which is a gasoline vehicle. The driveby-wire system, including steering wheel, brake, accelerator, gear shift, and turn signals, are all modified so that the IV can be controlled by the user commands through the control area network (CAN) bus. The IV is equipped with lots of high-precise sensors, including LiDAR, cameras, radars, and GNSS receivers. With the help of our developed perception, decision, and control algorithms, the IV is able to conduct level-3 self-driving. As a result, the IV is suitable for this VIL test [11] .
To have a direct test of our designed and manufactured SFS, others components of the VIL testbed are not employed, except the IV and the SFS. During the VIL-based experiment, the IV receives the steering control commands from industry control computers via CAN bus, and drives the front wheels accordingly. At the same time, the SFS measures the angle difference and follows the front wheels' movements. The target angle and SFS executed angle are all recorded during the VIL-based experiment.
During the VIL-based experiments, the SFS is able to achieve smooth and precise steering following movements. There is no obvious shaking, chattering, and oscillation during the experiments. The VIL-based experiment results are shown in Figure 11 .
As displayed in Figure 11 (a), our designed and manufactured SFS follows the movements of the IV front wheels. Compared with the simulation results, there is a little response time delay at the sharp angle turning at the 15 s of the experiments. The response time delay is probably due to the reaction time of the servo motor and data interaction. As can be seen in Figure 11 (b) , most of the angle following errors are smaller than two degrees, even the tracking error increases at the rear part of the experiments, the angle following error also satisfies the requirements of IV VIL-based test. 
V. CONCLUSION AND FUTURE WORK
To render the lateral movement testing ability to the traditional VIL-based testbed, this paper proposes the SFS that using two-pair laser distance sensors to obtain the real-time angle difference between the VIL-testbed and the front wheels of the IV. Then a FSMC algorithm is presented to track the real-time maneuvers of the steering wheels thus the front wheels. A simulation-based and a VIL-based experiment are conducted to evaluate the performance of the proposed SFS and FSMC. The experiment results satisfy the requirements of the IV VIL-based testing, which indicates the proposed SFS is implementable.
Future studies can be conducted in a few directions. For example, this paper only considers one type of vehicle model (e.g., 2014 BYD SURUI), and whether the proposed SFS and FSMC are capable for other vehicle models still is not clear. Thus, further studies can focus on extending the existing VIL-based testbed to a testbed that is suitable for multiple vehicle models. In addition, although the tracking accuracy satisfies the requirements of the testing, the tracking accuracy can be further improved by some state-of-the-art techniques, e.g., machine learning. ZHEN WANG received the bachelor's degree in automation and the master's degree in computer science and technology. He is currently pursuing the Ph.D. degree with the School of Information Engineering, Chang'an University, Xi'an, China. His current research focuses on autonomous vehicle localization and control.
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